AD=AO46 623 WASHINGTON UNIV SEATTL! DEPT OF MECHANICAL ENGINEERING F/6 11/9
RAPID CRACK PROPAGATION AND ARREST IN POLYMERS. (V)
OCT 77 A S KOBAYASHI» S MALL NOOOIQ-TG*C-OOGO
UNCLASSIFIED TR=30

END

DATE

FILMED
12—77







v

3

Office of Naval Research

()6
~ T

_~“Contract NPDO14-76-C-0060} NR 064-478

=
\V

~ g / / /l

\:D Technical Report, No. 30 / f/ !

. / ' 1
\4

p—

“——’

4 ! nn MYl o i e

) 4 RAPID CRACK PROPAGATION AND ARREST IN POLYMERS

by

/' A.S. /Kobayashi and S. Mall

/ October 1977

)/ +

The research reported in this technical report was made possible through

+ +* o~
uppor epartmenct O

Engineering, University

(%]

of Washington, by the Office of Naval Research under Contract NO0014-76-C-

C-0060, NR 064-478. Reproduction in whole or in part is permitted for any

purpose of the United States Government.

Department of Mechanical Engineering

College of Engineering

] —
DOC FiLE COPY.

University of Washington

UTION STATEMENT A

" Approved for public release;
¥4  Distribution Unlimited </ /7
: // J/




1 A | O W R | -

INTRODUCT TON

As a result of concerted research efforts of the past two decades, many of
the basic problems in linear fracture mechanics have been resolved with the
jradual acceptance of fracture mechanics as a design tool in industry. Al-
though lincar fracture mechanics can be used effectively in preventing much of
the predicted fracture modes, there are limited occasions when fracture can-
not be avoided due to unusual loading conditions which may or may not occur
furing the lifetime of a structure. As a secondary safety measure, a crack
irrest rechanism which could prevent catastrophic failures of critical struc-
tural cuomponents are thus required in some designs. Since the design of a
rack arrest mechanism requires knowledge of fracture dynamics, increasing
research efforts are being expended in studying the basic laws which govern
rapid crack propagation and crack arrest. Progress in fracture dynamics, how-

r. 15 hompered by the lack of comparable thegretical and experimental tools

hict ntributed to the rapid progress made in linear fracture mechanics.

Foll ﬁira the pioneering paper of Wells and Post!, three groups of re-

9 have used either dynamic photoelastic technique or dynamic caus-

tics* to determine experimentally the dynamic state of stress surrounding a
propagating crack tip in various birefringent polymers. These optical tech-
niques can be used to determine within reasonable accuracy the dynamic stress
ntensity factor of a rapidly running or arresting crack. No comparable ex-
erimental technicue exists for x'sv\l‘uring the (1yﬂdﬂ‘.iC stress intensity factor
in a fracturing r *al plate. As a result, considerable data on the fracture
fynamic propertie of birefringent polymers have been generated for the pur-
pose of providing insights into the dynamic fracture toughness, K p, and

rack arrest stress intensity factor, Kpa, of metals. In the following a re-
view and comparison of published fracture dynamic properties of four bire-
fringent polymers, a polyester resin Homalite-100, epoxy resin Araldite B,

dified epoxy resin and polycarbonate, are given.

)
carchersé-

DYNAMIC FRACTURE TOUGHNESS

Dynamic fracture toughness, Kyp, is the dynamic counterpart of the static
fracture toughness, Kic, and is equal to the measured dynamic stress inten-
%ttv‘fdﬁ or, ¥$¥Y"  in a fracturing material. Considerable directt-8 and indi-
rect'V»!¢ evidénce showing unique relations between Kjp and crack velocity, a,
for the above polymers and some metals have been generated to date. The Kjp
versus a relations of birefringent polymers were established through the use
of various fracture specimens, such as those shown in Migure 1. For these
polymeric fracture specimens, one notes considerahle differences in specimen

s in contrast to the small differences between the respective dilatation-
al wave velocities shown in Table 1. Thus the transit time for a dynamic
event to reach a moving crack tip would be predominantly governed by the spe-
cimen size, which could result in differences in dynamic responses of speci-
mens of similar configuration but different sizes. The extent of dynamic
interaction with the crack velocity and possibly with the postulated material
property of Kip is not clear at this time but it is generally understood that
smaller fracture specimens will accentuate the dynamic effects. 12

Using dynamic photoelasticity, T. Kobayashi and his colleagues®s7 deter-
mined Kipin a variety of single-edged notch (SEN) specimens, wedge-loaded
double cantilever beam (DCB) specimens and wedge-loaded contoured DCB (C-DCB)
specimens machined from 12.7mm thick Homalite-100 plates as shown in Figure

2. Figure 3 shows the Kip determined by the authors for similar SEN and smal- //
ler DCB specimens machineg from thinner Homalite-100 plates. Other than the v
large data scatter5, which is not evident in Figure 3, the authors' Kip versus &
a relations and those of T. Kobayashi et al. for different Homalite-100 plates O

are in reasonable agreement under static loading.
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* for a more detailed explanation of the lesser known method of caustics, see
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ire 3 al bows the e 9.5mm thick Homalite-100 plate tested under
t loading of dynamic tear testing (DTT)2,5. Although data 1tters
e rably larger in the DIT results, the averaged Kip as shown in
ire 3 is substantially lower than the corresponding Kip in st atically load-
ed sp ns at lower crack velocities. The Tower Kip at lo a is ohtained
dien the crack propagates into the region closer to the imp Sk ahs uiteh e
still ir pression under highly dynamic loading condition which probably
t exist in static loading of other specimens shown in Figure 1. This
hange ir nimum Kip under dynamic loading could cast doubt on the validity
f using the t im dynamic fracture toughness, Kpn, as a conservative esti
1te f a fracture criterion.!3 8
igure 4 st rsus a curves for Araldite-# two modified
epoxies’ and | ',‘1vf‘v1? 5 The static fracture vnghn;ss of these poly ers
varied from somewhat tough to 'v‘rr”01y tough material in comparison to the
brittle 11ite-100 plates and are thus grouped separately in this figure.
It is interesting to note that the spread in the bifurcated Kip versus a
r the taugher, modified cpoxies is approximately egqual to the scatter
‘

ind in Araldite B and polycarbonate specimens. Also note that the slant in
Kin versus a curves of ‘MP DDT specimens in Figures 3 and 4 suggest acain that
the minimum Kjp at lower a could be significantly altered under dynamic load-

e the dynamic effect in a finite size fracture specimen is governed by
itions, such effect could be detected in statically 1-.Aod
s if the crack initiation stress intensity factor, Kjq, is
extremely high. Figure 5 shows the Kip versus a curves for two different
wiedge-loaded DCB speci ens3s7 machined from different Homalite-100 plates.
As shown in Figure 1, the two DCB specimens differed by more than a factor of
in linear dimensions but both specimens were loaded at a high Kig of more
han twice the Kjc values, thus causing the crack to run through ihe entire
pecimen height without arresting. Despite the difference in sizes, both
Kip versus crack extension relations, and more so the a versus crack extension
relations, were very similar thus indicating that the stress wave effects
jenerated by a crack propagating at the same a will be similar but its influ-
ence on Kip will vary with the transit time of the stress wave returning to
the propagating crack tip.

The above results show that Kjp is influenced by stress wave effects and
that ¥ip at lower & could be altered significantly under dynamic loading. )
In the absence of significant dynamic effects, however, a unique Kip versus a
relation of the I' shape appears to adequately characterize the dynamic frac-
ture response of these birefringent polymers.

CRACK ARREST STRESS INTENSITY FACTOR

The results of Figure 2 and much of Figure 3 have led vainz3 and
others6s7515 to postulate the use of minimum dynamic fracture toughness, Kymp.
as a conservative estimate of a crack arrest stress intensity factor, Ki,.

In addition, ¥althoff et al.8 have shown that this Kip is indeed a material
property as shown in Figure 6 by the constant k?g" observed in six wedce-load-
ed DCB specimens machined from Araldite B plates. Noting that the existence
of such y};n could be a characteristic response of the particular specimen

jeometry, the authors replotted some previously published crack arrest datal'é
1n Figure 7 following the format of Kalthoff et al. For the four SEN speci-
mens with a geometry shown in Figure 1, not only did a constant K" similar
to the Kalthoff data exist but also the corresponding static stress intensity
factor after crack arrest, V' varied with the totgl crack length at
arrest as shown by Valthoff P? al This variation in K refutes the con-
tention of some that crack arrest can be characterized by a material property
which ;; the static stress intensity factor a few milliseconds after crack
arrest

The d\ffernnces between Klﬁ obtained for the larger SEN specimen in Fig-
ures 7 and the lower Ky, observed in the smaller DCB specimens in Figure 3,
needless to mention the noticeable difference in Ky, obtained from the DTT




pecimens, leads one to speculate again that dynamic effects may significant-
ly alter the observed Klm in diff0|snt ‘;((l' ns Despite the high V.v (var-
ed from one and one-halft to four times the in Kalthoff's wedge-loaded
OCB specimens, the tougher Araldite B \dturld{ seemed to J['»IAJ?P the stress
ave effects more than in brittle Homalite-100 wedge-loaded DCB specimens of
similar size/. As a result, the apparent existence of a Kim would be nore
noticeable in the Araldite B specimens loaded under fixed wedge-displacenent
ndition®.

CONCLUSION

There is mounting evidence supporting the existence of a unique VI? Versus
3 relation which was derived from fracture dynamic experiments using large
olymeric specimen subjected to static loading. The existence of such unique
Kip versus a relation and hence the validity of a Ky as a conservative esti-
mate of the crack arrest stress intensity factor under dynamic loading, how-

ever, remain unresolved.
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CRACK VELOCITY, m/sec
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FIGURE 2. DYNAMIC FRACTURE TOUGHNESS OF HOMALITE - 100, NOMINAL PLATE
THICKNESS 12.7 mm.
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CRACK VELOCITY ,m/sec
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FIGURE 4 . DYNAMIC FRACTURE TOUGHNESS OF EPOXIES AND POLYCARBONATE
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